Background: Tunnel enlargement and coalition following double-bundle anterior cruciate ligament (ACL) reconstruction with hamstring tendon autografts has not yet been sufficiently studied.
Recently, the clinical results of anatomic double-bundle ACL reconstruction with hamstring tendon grafts have attracted a great deal of attention 13, 18, 30, 32, 33 because of biomechanical superiority compared to single-bundle reconstruction. 16, 17, 22, 31 However, tunnel enlargement following double-bundle ACL reconstruction with a hamstring tendon graft has not been sufficiently studied to date, and the results are inconclusive concerning the frequency of tunnel enlargement. In addition, more attention should be paid to the coalition phenomenon between the anteromedial (AM) and posterolateral (PL) tunnels in double-bundle reconstruction, because this may be one of the causes and/or results of tunnel enlargement in double-bundle ACL reconstruction. Only a few articles in the literature have evaluated tunnel coalition after double-bundle ACL reconstruction. 9, 14, 23, 24 Thus, the incidence of tunnel enlargement and coalition is not sufficiently clear in double-bundle ACL reconstruction, particularly when using the transtibial tunnel technique. Therefore, we have conducted a prospective follow-up study using computed tomography (CT) to determine tunnel enlargement and coalition. 7, 25, 27, 28 Based on previous studies, we hypothesized that the incidence and the degree of femoral tunnel enlargement will be significantly greater than tibial tunnel enlargement after anatomic doublebundle ACL reconstruction. In addition, we hypothesized that the incidence of tunnel coalition in the femur will be significantly less than that in the tibia. We believed there would be no correlation between tunnel enlargement and coalition and the postoperative knee laxity.
MATERIALS AND METHODS

Study Design
A prospective study was conducted in 2009 using patients who underwent ACL reconstruction with a hamstring tendon autograft. From 2009 to 2010, the intent was to perform double-bundle reconstruction using hamstring tendon autografts for all patients who agreed to participate in this study (after obtaining signed informed consent), to examine results with the standard clinical evaluation methods, and to take a CT scan of the knee at 2 weeks and 1 year after surgery. This clinical study design was accepted by the Institutional Review Board Clearance Committee in Hokkaido University Hospital. All patients were informed that if they did not wish to participate in this study, they could choose this procedure or single-bundle bone-patellar tendon-bone reconstruction. The diagnosis of a torn ACL was made based on a detailed history of the knee injury, physical examination, radiographs, magnetic resonance imaging (MRI), and the findings at the time of surgery. The contralateral knee in the patients was healthy and free of previous injury. Four patients with a combined ligament injury in the posterior cruciate ligament, the lateral collateral ligament, the PL corner structures of the knee, and medial collateral ligament (grade 3) were excluded from this study. In addition, patients with any previous operations for ligament injuries, a concurrent fracture, or osteoarthritis were excluded from the study. The time from onset of injury to surgery was 1 month or more.
Patient Demographics
A total of 42 patients were enrolled in this study between June 2009 and July 2010. Three patients were lost to follow-up so the remaining 39 patients (92.9%) were evaluated. There were 19 men and 20 women with a mean age of 26.4 years at the time of surgery (Table 1) . The follow-up period ranged from 12 to 25 months. At the time of reconstruction, the medial or lateral meniscus was partially resected in 9 patients and repaired in 7 patients. No treatment was administered for softening or fissuring of the articular cartilage.
Surgical Procedure of Anatomic Double-Bundle ACL Reconstruction
The details of the anatomic procedure have been previously described 32, 33 ( Figure 1 ). In the double-bundle procedure, the AM graft diameter ranged from 6 to 6.5 mm (mean + standard deviation [SD], 6.3 + 0.3 mm), and the PL graft diameter ranged from 5.5 to 6 mm (mean + SD, 5.8 + 0.2 mm).
Postoperative Management
Postoperative management was performed according to our original rehabilitation protocol. 18 On the basis of the results of our previous biomechanical studies, we encouraged quadriceps and hamstring muscle training immediately after surgery. 34 The static squat exercise was started 1 week postoperatively. A postoperative immobilizer was applied for 2 weeks after the operation. Full weightbearing with a hinged brace was then allowed 2 weeks after surgery. Various types of athletic training were gradually allowed after 6 weeks, although no running was allowed until 6 months after surgery. Return to full sports activity was generally permitted at 9 months after surgery.
Computed Tomography Evaluation
All patients underwent CT examination at 2 weeks and 1 year after surgery. The CT scans of the knee were taken in standard axial, sagittal, and coronal views for the purpose of measuring tunnel widening. 8, 10, 25 The 2-dimensional (2D) and 3-dimensional (3D) CT images were taken using a 64-slice multidetector CT (Aquilion 64; Toshiba Medical Systems, Tochigi, Japan), and the images were processed using a work station (Ziostation 2; Ziosoft, Tokyo, Japan). With the knee in full extension, scanning was performed from proximal to the femoral tunnel to distal to the tibial tunnel to visualize the position of the autograft fixation. The 0.5-mm sections were secondarily reconstructed with a bony algorithm to allow multiplanar reconstructions (1-mm thickness per 1-mm interval) from the axial data set. The minimum change in tunnel diameter that can be detected reliably is 0.35 mm. Coronal reconstructions were performed to a level parallel to a line joining the posterior femoral condyles, and sagittal reconstructions were performed to a level parallel to the outer rim of the lateral femoral condyle (Figures 2 and 3 ). The 3D images were also reconstructed with a soft tissue algorithm using the volume-rendering technique ( Figure 4 ).
According to previous studies, 2,4,25 the tunnel measurement was taken digitally at 10 mm from the intraarticular outlet of both the femoral and the tibial tunnels in the coronal, sagittal, and axial views, respectively, perpendicular to the direction of the long axis of the tunnels (Figures 2 and 3 ). All measurements were taken from the sclerotic bony margins by a blinded radiologist and orthopedic surgeon. The percentage change in the diameter between the scans performed at 2 weeks and 1 year was defined as the degree of tunnel enlargement. The incidence of tunnel enlargement was determined by the number of femoral or tibial tunnels that enlarged more than 20%.
Tunnel coalition was determined by observing the AM and PL tunnel outlets on the intra-articular bone surface of the femur or the tibia using 3D CT images and measuring the width of the bony septum between the 2 tunnels, according to Hantes et al 9 ( Figure 4 ). In addition, the thickness of the bony septum between the AM and PL tunnels was measured at 10 mm from the intra-articular outlet with coronal, sagittal, and axial 2D CT images ( Figure 5 ). When the width was zero, we defined it as tunnel coalition.
Clinical Evaluations
Each patient underwent clinical examination 1 year after surgery. The side-to-side anterior laxity was measured using a KT-2000 arthrometer (MEDmetric, San Diego, California) at 30 of knee flexion under an anterior drawer force of 133 N. A well-trained physical therapist who was not a coauthor of this study collected the KT-2000 arthrometer results postoperatively. Another experienced orthopedic surgeon performed the pivot-shift test, the results of which were subjectively evaluated as ''þþ,'' ''þ,'' and ''À'' using previously reported criteria. 18, 33 For the overall evaluation, the Lysholm knee score (maximum score, 100 points) and the International Knee Documentation Committee (IKDC) form were used.
Statistical Analysis
Intraobserver variability for tunnel measurement was satisfactory (mean intraclass correlation coefficient, 0.93; range, 0.88-0.97). An a priori power analysis was performed. A sample size was calculated to have 84% to 97% power to test the hypothesis. The Pearson correlation coefficient and the chi-square test were used to characterize the relationship of tunnel enlargement and coalition to clinical parameters. Statistical comparison was performed using the chi-square test and unpaired Student t test for the change in tunnel enlargement and coalition. A commercially available software program (StatView; SAS Institute, Cary, North Carolina) was used for statistical calculation. The significance level was set at P ¼ .05. 
RESULTS
Tunnel Position
According to the grid system, 1, 26 the mean distance between the center and the y-axis (Xc) and distance between the 
Degree and Incidence of Tunnel Enlargement
The degree of tunnel enlargement (expressed as mean + SD throughout) of the femoral AM tunnel averaged 11.1% + 10.9%, 9.8% + 16.5%, and 10.7% + 13.3% in the coronal, sagittal, and axial images, respectively, while that of the femoral PL tunnel averaged 7.0% + 11.7%, 8.9% + 13.4%, and 7.6% + 12.7%. The degree of tunnel enlargement of the tibial AM tunnel averaged 6.7% + 13.0%, 3.3% + 10.9%, and 6.1% + 8.6% in the coronal, sagittal, and axial images, respectively, while that of the tibial PL tunnel averaged 6.4% + 13.9%, 1.2% + 9.8%, and 2.9% + 9.9%. The degree of the AM tunnel enlargement was significantly greater in the femur than in the tibia (coronal: P ¼ .0296, sagittal: P ¼ .0226, and axial: P ¼ .0335), while the PL tunnel enlargement was significantly greater in the femur than in the tibia only in the sagittal view (P < .0001). There was no significant correlation between the degree of each tunnel enlargement and the clinical outcome.
The incidence of the femoral AM tunnel enlargement was 20.5%, 23.1%, and 23.1% in the coronal, sagittal, and axial images, respectively, while that of the femoral PL tunnel was 12.8%, 15.4%, and 17.9%, respectively ( Table 2 ). The incidence of the tibial AM tunnel enlargement was 2.6%, 5.1%, and 5.1% in the coronal, sagittal, and axial images, respectively, while that of the tibial PL tunnel was 7.7%, 2.6%, and 5.1%, respectively. Concerning the AM tunnel, the incidence of enlargement was significantly greater in the femur than in the tibia (coronal: P ¼ .0227, sagittal: P ¼ .0405, and axial: P ¼ .0405). Regarding the PL tunnel, we found the same tendency but the difference was not significant. 
Incidence of Tunnel Coalition
On the femoral surface, tunnel outlet coalition was found in only 1 knee (2.6% of cases) at 2 weeks and in 2 knees (5.1%) at 1 year after surgery. However, there were no knees with tunnel coalition at a level 10 mm from the bone surface at each period. In the 2 knees with outlet coalition, the postoperative knee laxity was not worse (P ¼ .712) than the other knees. On the tibial surface, tunnel outlet coalition was observed in 22 knees (56.4% of cases) at 2 weeks and in 30 knees (76.9%) at 1 year after surgery, while tibial tunnel coalition at a level 10 mm from the joint surface was seen in 5 knees (12.8% of cases) at each period. The incidence of tunnel outlet coalition in the femur was significantly less than that in the tibia (P < .0001) 1 year after surgery. The frequency of femoral and tibial coalition did not increase significantly, and there was no significant correlation between each tunnel coalition and postoperative knee laxity.
Clinical Results
There were no graft failures at the final follow-up. All patients underwent a second surgery to remove the 2 staples that fixed the grafts onto the tibia. The postoperative side-to-side difference in anterior laxity measured with the KT-2000 arthrometer was 0.9 + 1.6 mm ( Table 3 ). The Lysholm knee score was 97.9 + 2.7 points. According to the A measurement grid 1 was superimposed onto the intra-articular femoral tunnel outlet of the 3-dimensional computed tomographic (3D CT) image so that the superior limit of the grid was located on the femoral notch roof, and the anterior, posterior, distal, and proximal sides of the grid were located on the articular cartilage margin. An x-y coordinate system was placed on this grid, with the roof line of the intercondylar notch defined as the x-axis and the most proximal-posterior line of the grid lines perpendicular to the x-axis as the y-axis. On this coordinate system, the coordinates of the center of the anteromedial (AM) and posterolateral (PL) femoral tunnels were defined as follows: Xc, distance between the center and the y-axis; Yc, distance between the center and the x-axis. (B) The quadrant method to evaluate the position of the tibial tunnel. To analyze the center of the tunnel outlet position on the tibia, a rectangular grid was also superimposed onto the axial 3D CT image of the tibial plateau. 26 The most medial-anterior corner was defined as the origin of the x-y coordinates, with the anterior line of the tibial plateau defined as the x-axis and the most medial line of the grid lines perpendicular to the x-axis defined as the y-axis. On this grid, the center of each tunnel was expressed using the above-described coordinate values (Xc, Yc). Red dots, center of the AM tunnel; blue dots, center of the PL tunnel.
IKDC evaluation, 26, 11, and 2 patients were ranked as A, B, and C, respectively. There were no significant relationships between the clinical results and the incidence of tunnel enlargement. Also, there were no significant differences between patients with and without tibial tunnel coalition.
DISCUSSION
The present study demonstrated that the degree of tunnel enlargement of the femoral AM and PL tunnels averaged 10% to 11% and 7% to 9%, respectively, while that of the tibial AM and PL tunnels averaged 3% to 7% and 1% to 6%. The incidence of enlargement in the femoral AM and PL tunnels was 21% to 23% and 13% to 18%, respectively, while enlargement incidence in the tibial AM and PL tunnels was 3% to 5% and 3% to 8%, respectively. In addition, femoral and tibial tunnel outlet coalition was found in 5% and 77%, respectively, at 1 year after surgery.
The degree and incidence of femoral tunnel enlargement were significantly greater than those of tibial tunnel enlargement after double-bundle ACL reconstruction. Siebold and Cafaltzis 24 reported, using MRI, that at 7 months after double-bundle reconstruction, the degree of AM and PL femoral and tibial tunnel enlargement was in 34% and 46% and 20% and 38% of patients, respectively. Jä rvelä et al 14 reported, using MRI, that at 27 months after double-bundle reconstruction, the degree of the AM and PL femoral and tibial tunnel enlargement was in 54% and 42% and 39% and 43% of patients, respectively. In a number of reports, enlargement was more evident for the femoral than the tibial tunnel.
2,4,6,21, Biomechanical and biological differences may explain why femoral tunnel enlargement was more likely to be found than tibial tunnel enlargement after double-bundle reconstruction. First, the graft in the femoral tunnel was bent, which applied a compressive force to the edge of the tunnel. In contrast, the tibial graft does not bend as much and, consequently, there is less compression and better stress distribution on the tunnel edge. 11 The second potential mechanism involves the remnant tissue at the tibial insertion, which was thicker than that of the femoral insertion. This tissue may limit synovial fluid propagation within the tibial tunnel. These biomechanical and biological differences may reduce the incidence and the degree of tunnel enlargement in the tibial tunnel.
This study showed that tibial tunnel outlet coalition occurred in 56% of cases at 2 weeks and in 77% at 1 year after surgery, while the coalition at a level 10 mm from the joint surface was observed in only 13% of cases at each period. The incidence of tunnel coalition in the tibia was significantly greater than that in the femur at the joint surface. Siebold 23 reported, using MRI, that tibial tunnel coalition occurred in 41% of patients at 12 months after surgery. In contrast, Hantes et al 9 reported that tunnel coalition occurred intraoperatively in only 1 of 36 patients on the tibial side at the level of the joint line in double-bundle ACL reconstruction. This discrepancy in the incidence of tibial tunnel coalition may be explained by the differences in the surgical technique used. The AM tunnel angle in this series was approximately 40 in the lateral view. 19 Therefore, the shape of the AM tibial tunnel outlet was oval, causing frequent overlapping of the tibial tunnels. As a result, a substantial space would exist in the proximal aspect of the tibial tunnels. This would allow transverse motion of the graft at the outlet level of the tibial tunnel when the joint is moved, throughout the range of motion. This phenomenon has been referred to as the windshield wiper effect.
21
On the other hand, this study demonstrated that femoral joint surface tunnel coalition was found in only 2 knees at the 1-year examination, and there were no knees with tunnel coalition at a level 10 mm from the bone surface at each period. In these 2 knees, the cause of the coalition was considered to be an intraoperative technical error in which the 2 tunnel outlets were created too close together. In the other 95% of knees, however, the 2 femoral tunnels were created at the appropriate positions. 5 These results suggest that appropriate femoral tunnels can be created using the transtibial procedure and that appropriately created femoral tunnels do not result in tunnel coalition.
This study, using CT images, demonstrated that the incidence of femoral AM and PL tunnel enlargement was 21% to 23% and 13% to 18%, respectively, and tibial AM and PL tunnel enlargement rarely occurred (3%-8%). These values appear to be lower in comparison to the previously reported data after single-bundle reconstruction. 2, 3, 12, 13 Previous studies 14, 15 reported that the incidence of tunnel enlargement after double-bundle reconstruction was significantly less than those after single-bundle reconstruction. However, in double-bundle reconstruction, the incidence of each tunnel enlargement was significantly greater in the femur than in the tibia. The infrequent femoral tunnel coalition may be due to the surgical technique used. The two femoral tunnels were created with a sufficiently wide bony septum between the tunnels. In a biomechanical study, 20 when the width of the femoral bone bridge was extended to 2 and 3 mm, no fracture of the bony bridge could be seen after cyclic loading. Therefore, the results of this study support previously published recommendations that the tunnel should be created with a 2-mm bony septum to avoid femoral tunnel coalition in double-bundle ACL reconstruction. If 2 femoral tunnels are too closely created, there is a high probability that postoperative tunnel coalition will occur. There are several limitations to the present study. First, we could not measure the extra-articular tunnel enlargement. Second, the follow-up period was 1 year in this study. Third, although all measurements were done by blinded examiners, they would have known CT scans are done for postoperative tunnel assessment, which could have led to a bias. In addition, we did not determine the accuracy and the interobserver variation in the CT measurement. Fourth, we used the conventional cannulated drill for tunnel creation and only hamstring tendon for the graft. Therefore, this study cannot provide any conclusion in comparison with other drill bits or grafts. However, beyond these limitations, the present study provided orthopaedic surgeons with important information on ACL reconstruction with hamstring tendons.
CONCLUSION
The present study demonstrated that both the incidence and the degree of femoral tunnel enlargement are significantly greater than those of tibial tunnel enlargement after anatomic double-bundle ACL reconstruction using hamstring tendon autografts. The incidence of tunnel coalition in the femur was significantly less than that in the tibia. In addition, the degree of tunnel enlargement does not affect the clinical outcome at the 1-year period after anatomic double-bundle ACL reconstruction.
